Abstract
Introduction
Time/frequency methods can be useful tools for detecting signals that cannot be easily isolated in either time or frequency. Our interest lies primarily with the satellite-based detection of impulse signals, which are dispersed as they travel through the ionosphere, and appear as nonlinear chirps at the receiver [l] . The received pulses typically have very low signalto-noise ratios, which make them difficult to detect in the time or frequency domain. While the nonlinear chirps are apparent in the joint time/frequency domain, the computational complexity of traditional time/frequency methods renders them impractical for real-time applications, where typical sampling rates are 150MHz [2] . However, wavelet procedures are superior to traditional time/frequency methods in terms of computational efficiency. Because of the chirp present in the received signals, we examine the use of chirped wavelets [ 
Discrete Wavelet Expansion with

Chirp e d Wavelets
Figure (1) shows a weak signal recorded by a DOE radio science experiment aboard the ALEXIS/ BLACKBEARD satellite, with a sampling rate of 150MHz. The signal was produced using the Los Alamos portable pulser (LAPP). When impulsive signals propagate through the ionosphere, they are dispersed and received as descending frequency nonlinear chirps. Due to noise and carrier interference, it is impossible to distinguish the LAPP chirp signal in the time series (the peak power of the signal is approximately 1/20 that of the interference). The Fast Fourier Transform (Figure (2) ) is not better. The large contribution at the top of the spectrum is not due to the chirped LAPP pulse, but interfering signals. However, in a time/frequency plot, such as the spectrogram of Figure (3) , the weak LAPP signal is apparent as a nonlinear function, varying in frequency by a factor of approximately 75 over its duration.
The observation that the signal is apparent in the joint time/frequency plane would seem to indicate that time/frequency techniques would be appropriate in its analysis. But in our satellite application, where sampling rates are 150MHz, the Short Time Fourier Transform has proved impractical for real-time applications. Closer inspection of the spectrogram reveals an interesting feature. At high frequencies, there is a tremendous change in the waveform's frequency over a relatively short period of time. At low frequencies, there is a very small change in frequency of the waveform over a relatively long span of time. This artifact makes the LAPP signal an excellent candidate for analysis using wavelet techniques. In particular, we were interested in exploring the application of chirped wavelets as a basis and detection tool for this type of signal.
Discrete wavelet transforms were performed on the LAPP data. The analysis wavelets were produced using the general formula
The acceleration rate, p , and the parameter a were varied in order to produce an ensemble of 45 wavelets, with f h / f i (the ratio of the highest frequency present in w to the lowest) ranging between 1 and several hundred. p = 1 represents a pure cosine without chirp. The time t was chosen to be 0 5 t 5 6Opsec. The time series was windowed with a Gaussian/Malvar combination window. The following reasoning was behind the window selection. It was desired to incorporate as many of the frequencies in the windowed chirp as possible. Therefore, a wide window was desired. However, applying a favorable width Gaussian resulted in a window that did not taper adequately at each end of the time series, thus producing an untantalizing frequency spread.
On the other hand, Malvar windows by definition taper to zero at each end, but their frequency characteristics are not as good as a narrow Gaussian function. Using a window which consisted of a product of Malvar and wide Gaussian functions seemed a reasonable compromise. The time series representation resembles a wide Gaussian with slimmed sides, its frequency depiction appears only slightly wider than a strict Gaussian window. The f h / f i ratio was calculated by comparing the frequency of the windowed waveform at 1% from its beginning with its frequency 1% from its end. The effective frequency span of the windowed waveform is actually less, since it is tapered at each end. The wavelet used for the ratio fh/fi = 9 is shown in Figure (4) . (5) and (6). In the non-chirp case ( f h / f i = l), the LAPP pulse is still apparent, but very weak in the spectrogram, since theoretically there are no time subintervals in the LAPP where there is constant frequency.
Interestingly, at large values of f h / f r , we do not witness a marked decrease in performance, since the wavelets provide coverage of the LAPP signal at each level. That is, if a subinterval of the signal being analyzed ranges from 20 -3 0 H z , and the wavelet ranges from 10 -5 0 H z , the signal will still be represented.
While the representation will not be as good as if we were able t o match exactly the signal in phase and frequency, it will be better than if we used a wavelet ranging in frequency from 20 -25Hz. Using a wavelet with a high value of f h / f , also reduces the number of scale levels required to capture the LAPP pulse, since each level sweeps a wider range of frequencies.
In addition, the dyadic scaling tends t o linearizes the chirp, as can be seen in Figure (5) . Thus, an appropriate template match to the LAPP signal is based on a straight line, as illustrated in the next section.
Detection Results
In order to detect the LAPP signals, we employed a template match based thresholding scheme, since the post expansion LAPP pulses naturally fell into a pattern. The detection algorithm proceeds as follows. In the pre-processing, a time/frequency template was constructed for the wavelet expansion, based on a straight line. Since only seven scale levels were utilized, a straight line template was difficult t o approximate. The template more closey resembled a block of stair steps. Twenty five slopes were used, resulting in 25 total templates. For each slope value, eight different lags were selected, allowing the LAPP to be located at different points in the time interval. The values of the non zero coefficients in the template were set to one, creating a binary template. The result looked like a flat top jagged diagonal tunnel in three dimensional space. In the on-line processing, an inner product was formed between each resulting template and the absolute value of the scalogram. Since the template was binary, the innerproduct could be easily calculated by discarding all the coefficients of the expansion falling outside the template window, and adding the remaining components. To allow for the LAPP signal to have different origin points within the observation window, the in- Table 1 . Detection algorithm results for various values of f h / f i e ner product was repeated while the template was slid across the expansion at discrete intervals. Next, the maximum of all the inner products was selected, and compared against a threshold in order to detect the LAPP signal. The threshold was selected to achieve a reasonable trade off between detection and false alarm.
The algorithm was tested on four different sets of LAPP signals, and also a data set containing noise and carriers but no LAPP signal. Forty five different values of f h / f, were used, varying from 1 to approximately 400. Only one false alarm was witnessed, f h / f i = 9.5, which barely exceeded the threshold. The scheme performed the best at high values of f h / f [ , with perfect detection at rates greater than 16. At lower values, the wavelet expansion will enhance isolated regions of the LAPP (a5 described in the previous section) resulting in "hit or miss" behavior of the detector. Thus, the worst detection levels are for values of f h / f i < 5. Detection results are displayed in Table (1) . Next, we adjusted the threshold such that no false alarms were produced. This action resulted in a detection rate of 79%, indicating the one false alarm detected in the previous case was well outside its typical distribution.
Summary
In this work, we have employed the discrete chirped wavelet transform and detection methods to find impulsive signals dispersed by the ionosphere in satellite data. These signals have very low signal to noise ratios, typically much less than one. Joint time/frequency methods were enlisted due to the difficulty detecting the signals in either domain. Actual data produced by the Los Alamos Portable Pulser apparatus and recorded by the US Department of Energy's ALEXIS/BLACKBEARD satellite were examined. Expansions of the LAPP signals were conducted using wavelets with widely varying degrees of chirp, and detection was performed using a template match- ing threshold method. When smaller amounts of chirp were used for the wavelet, isolated areas of the LAPP signal in the expansion were accented at the expense of others. Specifically, the area of the transform where the fh/fi of the LAPP matched the f h / f i of the wavelet was emphasized, resulting in poorer detection. The detection rate improved directly with increasing chirp. Perfect detection was shown when high amounts of chirp ( f h / f i > 16) were used in the mother wavelet.
This work demonstrates that chirped wavelets, when combined with an appropriate template matching threshold detection scheme, can be utilized to detect nonlinear transionospheric signals under very low signal-to-noise ratios. Large rates of chirp were shown to yield superior detection rates over less chirped, or unchirped signals.
